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SUBSTITUTE SPECIFICATION 

-METHODS OF PREDICTING MORTALITY RISK BY DETERMINING 

TELOMERE LENGTH 

CROSS REFERENCES TO RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Application No. 60/442,456, 
filed January 24, 2003, the entire contents of which is incorporated herein by reference. 

TECHNICAL FIELD 

[0002] The present invention relates to methods of predicting mortality rates, and in 
particular to methods for determining the length of telomeres and correlating telomere length 
with survival, mortality risk, and suceptibility to age related diseases, such as cardiovascular 
disease, neoplastic disease, and infectious disease. The invention further relates to use of the 
methods to identify individuals or groups of individuals at risk of developing such age related 
diseases. 

BACKGROUND OF THE INVENTION 

[0003] Telomeres are specialized structures present at the ends of linear eukaryotic 
chromosomes that function in replicating and maintaining the integrity of the chromosomal 
ends. Telomeres distinguish the chromosomal terminus from other types of double stranded 
breaks responsible for initiating cell growth arrest and aberrant chromosomal fusions. 

[0004] Telomeric sequences vary between species, but their essential features are similar 
between eukaryotes. The telomeric DNA is generally composed of tandem repeats of a basic 
sequence unit. Telomeric repeats of some organisms are perfect repeats, such as sequence 
TTAGGG seen in humans or slime mold. Others, such as those of yeast or protozoans, have 



irregular repeat sequences. In general, the G rich strand runs 5' to 3' to the chromosomal 
terminus. The length of the repeat sequences range from a few to tens of kilo base pairs. 

[0005] In some organisms, the characteristic telomeric repeat sequences are absent and are 
substituted by other sequences that function similar to telomere repeat sequences. For 
example, in Drosophila melanogaster, the telomeres are generally composed of non-LTR - 
type retrotransposons, called HeT-A and TART elements. In the mosquito Anopheles 
gambiae, the chromosomal ends are composed of arrays of complex sequence tandem repeats 
rather than short repeat sequences. 

[0006] In some organisms, a 3' single stranded overhang is present at the terminus of the 
telomere. The length of the single stranded region is variable, extending from about 100 bp 
or more. Under defined conditions in vivo or in vitro, the overhanging terminus associates 
with various telomere associated proteins and invades the double stranded telomere region to 
form t-loop structures (Griffith, J.D. et al., Cell 97: 503-514 (1999); Munoz-Jordan et al., 
EMBOJ. 20: 579-588 (2001)). Formation of t-loop structures is believed to function in 
negatively regulating telomere elongation by telomerase, and in addition, provide a 
mechanism for sequestering the single stranded ends to protect them from degradation and to 
suppress activation of DNA damage checkpoint pathways. 

[0007] Typically, the DNA replicative machinery acts in the 5' to 3' direction, and synthesis 
of the lagging strand occurs discontinuously by use of short RNA primers that are degraded 
following strand synthesis. Since sequences at the 3' end of a linear DNA are not available to 
complete synthesis of the region previously occupied by the RNA primer, the terminal 3' 
region of the linear chromosome is not replicated. This "end replication problem" is solved 
by the action of telomerase, a telomere specific ribonucleoprotein reverse transcriptase. The 
telomerase enzyme has an integral RNA component that acts as a template for extending the 
y end of the telomere. Repeated extensions by telomerase actitivty results in the generation 
of telomere repeats copied from the telomerase-bound RNA template. Following elongation 
by telomerase, lagging strand synthesis by DNA polymerase completes formation of the 
double stranded telomeric structure. 

|0008] In normal human somatic cells, telomerase is not expressed or expressed at low 
levels. Consequently, telomeres shorten by 50-200 bp with each cell division until the cells 
reach replicative senescence, at which point the cells looose the capacity to proliferate. This 
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limited capacity of cells to replicate is generally referred to as the Hayflick limit, and may 
provide cells with a counting mechanism, i.e., a mitotic clock, to count cell divisions and 
regulate cellular development. Correspondingly, activation of telomerase in cells lacking 
telomerase activity, for example by expressing telomerase from a constitute retroviral 
promoter or activation of endogenous polymerase, allows the cells to maintain proliferative 
capacity and leads to immortalization of the cell. 

[0009] Interestingly, these immortalized cells have short stable telomeres while the shortest 
telomeres become extended. This phenomena suggests that telomerase enzyme protects short 
telomeres from further shortening while extending those that have fallen below a certain 
threshold length. Thus, presence of telomerase activity does not appear to be necessary when 
telomeres are a certain length, but becomes critical to maintenance of telomere integrity when 
it falls below a critical limit. 

[0010] It is well established that the length and integrity of telomeres is important for proper 
segregation of chromosomes and cell growth. For example, development of many types of 
cancers correlates with activation of telomere maintenance while cell senescence correlates 
with loss of telomere integrity. Shortening of telomere induced by inhibiting telomerase 
activity can lead to proliferative senescence and cell apoptosis (Zhang, X. et al., Genes Dev. 
2388-99 (1999)). Moreover, genetic knockouts of telomerase RNA in mice results in animals 
with developmental defects, age related pathologies, and increased cancer susceptibility 
(Rudolph, K.L. et al., Cell 96: 701-12 (1999); Herrera, E. et al., EMBO J. 18: 2950-60 
(1999)). Similarly, in the autosomal dominant disorder of dyskeratosis congenita (DKC), 
which arises from a mutation in the gene encoding the RNA component of telomerase, 
afflicted patients display accelerated telomere shortening and die at a median age of 16 years 
(maximum approximately 50 years), usually from severe infections secondary to bone 
marrow failure. Clinical features of DKC patients, further suggestive of accelerated aging, 
include premature graying and loss of hair; skin dyspigmentation; poor wound healing; high 
risk of severe infections; and an increased incidence of malignancies, osteoporosis, and 
pulmonary fibrosis. In addition, the shortest average telomere lengths measured in blood 
DNA from normal elderly individuals overlap with the highest average telomere lengths 
measured in blood from DKC patients. 
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[0011] In view of the role telomeres play in cell growth and cell senescence, it is desirable to 
have methods of predicting the occurrence of age related diseases and mortality risk based on 
length of telomeres. This will provide a basis for identifying individuals with increased risk 
of developing particular age-associated diseases, such as cancer and hypertension, such that 
early medical intervention can be administered to individuals in high risk groups. In addition, 
these methods can be used to identify genetic and environmental factors that may play a role 
in changing the aging process or altering disease susceptibility in individuals and in 
populations. 

SUMMARY OF THE INVENTION 

[0012] In accordance with the above objects of the invention, the present invention provides 
methods of determining telomere length and associating the measured telomere length with a 
mortality risk or likelihood of disease occurrence that corresponds to a telomere length 
observed in a population. 

[0013] Various methods for measuring telomere length are provided, including measuring 
mean terminal restriction fragment (TRF), quantitative fluorescent in situ hybridization, flow 
cytometry, and polymerase chain reaction. In a preferred embodiment, the telomere length is 
measured using PCR and telomere specific primers designed to amplify telomere repeat 
sequences. This provides a rapid method to measure average telomere length within a cell or 
population of cells and is particularly suited for large-scale population studies. 

[0014] In one embodiment, the telomere length is measured from somatic cells, particularly 
those that show low or no levels telomerase activity. Suitable samples are derived from 
blood, and particularly the lymphoid cells in the blood. 

[0015] The telomere length is determined for an individual and correlated with telomere 
length observed in a population. The mortality rate within the population is assessed relative 
to telomere length. In a preferred embodiment, the population is aged matched with the age 
of the individual organism being examined. For humans, the age-matched population is 
within about 10 years of the age of the individual, more preferable within 5 years, and most 
preferable within one year. 
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[0016] Correlation of the measured telomere length of the individual and the population is 
examined by various statistical methods, such as survival analysis, including Cox 
proportional hazard regression models, Kaplan-Meier survival distribution estimate, Peto 
Wilcoxon test, maximum likelihood analysis, multiple regression analysis, and others. 

[0017] In another embodiment, the mortality risk is determined for rate of telomere 
shortening and mortality within a population. The rate at which the telomere shortens for an 
individual is measured to determine the mortality risk to that individual. 

[0018] In another embodiment, the methods of the present invention is used to predict the 
likelihood of occurrence of age related diseases in a population and individuals within the 
population. Age related diseases that may be examined, include, but are not limited to, 
cardiovascular disease (e.g., hypertension, myocardial infarction, stroke, etc.), neoplastic 
diseases (e.g., cancers, carcinomas, malignant tumors, etc.), and susceptibility to infectious 
diseases. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] Figure 1 depicts the sequence of the oligonucleotide primer pairs, tel-1 (SEQ ID 
NO:l) and tel-2 (SEQ ID NO:2), used to amplify human telomeric repetitive units. Shown 
are the hybridization schemes of the primers to the telomere repetitive sequences (SEQ ID 
NO: 3 and 4) and hybridization of the primers to each other. The tel-1 primer can hybridize 
to any available complementary 3 1 basepair stretch along the strand of telomeric DN A 
oriented 5' to 3' toward the centromere. The tel-2 primer can hybridize to any 
complementary 33 basepair stretch along the strand oriented 5' to 3' toward the end of the 
chromosome. For each primer, nucleotide residues are altered to produce mismatches 
between the altered residue and nucleotide residues at the identical nucleotide position of 
each repetitive unit to which the primer hybridizes. Thus, for tel-1 and tel-2, every sixth base 
is mismatched. To limit primer-dimer products, the altered residues of each primer also 
produces a mismatch with the 3' terminal nucleotide residue of the other primer when the 
primers hybridize to each other, thus blocking extension by polymerase. In addition, the 5' 
terminal regions of the primer are designed so as to not basepair with the telomeric repeats. 
These noncomplementary 5 ? terminal sequences prevent the 3 5 ends of the PCR products 
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from initiating DNA synthesis in the middle of telomere amplification products. 



[0020] Figure 2 shows standard curves used to measure relative T/S ratios, where the T/S 
ratio is the telomere (T) to single copy gene (S) ratio (see Example 2). Five DNA 
concentrations over an eight-fold range were generated by serial dilution (dilution factor 
-1.68) and aliquoted into microtiter plate wells; the final amounts per well ranged from 12.64 
ng to 100 ng, with the middle quantity approximately matching that of the samples being 
assayed. The Q of a DNA sample is the fractional number of PCR cycles to which the 
sample must be subjected in order to accumulate enough products to cross a set threshold of 
magnitude of fluorescent signal. Any individual or pooled human DNA sample may be used 
to create the standard curves, as long as each assayed sample's Q falls within the range of 
C t 's of the standard curves. O = single copy gene 36B4; A = telomere. 

[0021] Figure 3 shows the correlation of relative T/S ratios determined by real time 
quantitative PCR using the primers described herein and the mean telomere restriction 
fragment (TRF) lengths determined by traditional Southern hybridization analysis. The DNA 
samples used for the analysis were from blood drawn from 21 individuals. All relative T/S 
ratios plotted have values > 1 .0 because the initial T/S ratios determined using the standard 
curves have all been normalized to the lowest T/S ratio (0.69) observed among the samples. 
The equation for the linear regression line best fitting the data is shown. 

[0022] Figure 4 shows association of telomere length (TL) in blood DNA after age 60 with 
subsequent survival. The graph shows the proportion of the original sample of research 
subjects who remained alive (y axis) at various time points (x axis) after the blood draw. In 
each panel "longer" identifies individuals from the top half of the TL distribution, and 
"shorter" identifies individuals from the bottom half of the distribution: a, both sexes 
combined; b, women.; c, men. Data are plotted as fitted survival curves, according to the 
group prognosis method (Ghali, W.A. et al., JAMA 286: 1494-1497 (2001), incorporated 
herein by reference). 

[0023] Fig. 5 shows association of telomere length (TL) in subjects aged 60 - 74 years, and 
in subjects aged 75 years or older, with subsequent survival. The graph shows the proportion 
of the original sample of research subjects who remained alive (y axis) at various time points 
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(x axis) after the blood draw: a, subjects who were age 60 - 74 years at the time of the blood 
draw; b, subjects who were age 75 years or older at blood draw. In each panel "longer" 
identifies individuals from the top half of the TL distribution, and "shorter" identifies 
individuals from the bottom half of the distribution. 

DETAILED DESCRIPTION OF THE INVENTION 

[0024] The present invention provides methods for predicting the survival or the mortality 
risk of a eukaryotic organism. Specifically, the method relates to determining the length of 
telomeres and correlating the telomere length with mortality risk associated with telomere 
length in a population. The present invention further provides methods of determining 
telomere length and correlating the length with occurrence of diseases associated with age, 
such a cardiovascular disease (e.g., hypertension, myocardial infarction, etc.), neoplastic 
diseases (e.g., malignant tumors, sarcomas, etc.), neurodegenerative disorders, and increased 
susceptibility to infectious agents. In a further aspect, the present invention provides methods 
to determine the biological age, as opposed to chronological age, to provide a marker for 
correlating the biological age with disease susceptibility and mortality risk. 

[0025] The method of the present invention is useful in a variety of applications. Mortality 
or survival estimates based on telomere length gives a basis for identifying individuals or 
groups of individuals for therapeutic intervention or medical screening. It is also useful in 
epidemiological studies for identifying environmental agents, for example dietary factors, 
pathological agents, chemical toxins associated with telomere length and mortality. 
Similarly, the method may be used to identify genetic factors, genetic linkage markers, or 
genes affecting telomere length and age related diseases. 

[0026] As discussed above, telomeres are specialized structures found at the ends of linear 
chromosomes of eukaryotes. Telomeres are generally composed of short tandem repeats, 
with a repeat sequence unit specified by the telomerase enzyme particular to that organism. 
Telomere repeat sequences are known for a variety of organisms. For vertebrates, plants, 
certain types of molds, and some protozoans, the sequences are a perfect repeats. For 
example, the human repeat sequence unit is (TTAGGG) n .(SEQ ID NO:5) In other 
organisms, the repeats sequences are irregular, such as those of Sacharomyces cerevisiae 
where the sequence is variable G1-3T/C1-3A. In some eukaryotic organisms, telomeres lack 
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the short tandem sequence repeats but have sequence elements that function as telomeres. 
For example, in the fruit fly Drosophila melanogaster, the telomere is a composite of 
retrotransposon elements HeT-A and TART while in the mosquito Anopheles gambiae the 
telomeres are arrays of complex sequence tandem repeats. For the purposes of the present 
invention, telomeres of different structures are encompassed within the scope of the present 
invention. 

[0027] In addition to the repeat sequences, the 3' end of some telomeres contains a single 
stranded region, which for humans is located on the G rich strand. The single strand is 
composed of (TTAGGG) n (SEQ ID NO:5) repeats, with n being generally about 9-35, 
although it can be less or more. As used herein, the length of the 3 5 single stranded region 
can also be correlated with mortality risk. 

[0028] In one embodiment, telomere length may be determined for a single chromosome in a 
cell. In another embodiment, the average telomere length or mean telomere length is 
measured for a single cell, and more preferably for a population of cells. A change in 
telomere length is an increase or decrease in telomere length, in particular an increase or 
decrease in the average telomere length. The change may be relative to a particular time 
point, i.e., telomere length of an organism at time t\ as compared to telomere length at some 
later time t2. A change or difference in telomere length may also be compared as against the 
average or mean telomere length of a particular cell population or organismal population, 
preferably those members of a population not suffering from a disease condition. In certain 
embodiments, change in telomere length is measured against a population existing at 
different time periods. 

[0029] Although, telomere lengths may be determined for all eukaryotes, in a preferred 
embodiment, telemere lengths are determined for vertebrates, including without limitation, 
amphibians, birds, and mammals, for example rodents, ungulates, and primates, particularly 
humans. Preferred are organisms in which longevity is a desirable trait or where longevity 
and susceptibility to disease are correlated. In another aspect, the telomeres may be measured 
for cloned organisms in order to assess the mortality risk or disease susceptibility associated 
with altered telomere integrity in these organisms. 
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[0030] Samples for measuring telomeres are made using methods well known in the art. The 
telomere containing samples may be obtained from any tissue of any organism, including 
tissues of blood, brain, bone marrow, lymph, liver spleen, breast, and other tissues, including 
those obtained from biopsy samples. Tissue and cells may be frozen or intact. The samples 
may also comprise bodily fluids, such as saliva, urine, feces, cerebrospinal fluid, semen, etc. 
Preferably, the tissue or cells are non-stem cells, i.e., somatic cells since the telomeres of 
stem cells generally do not decrease over time due to continued expression of telomerase 
activity. However, in some embodiments, telomeres may be measured for stems cells in 
order to assess inherited telomere characteristics of an organism. 

[0031] As used herein telomeric nucleic acids and other "target nucleic acids" or "target 
sequence" is meant a nucleic acid sequence on a double or single stranded nucleic acid. By 
"nucleic acid" or "oligonucleotide" or grammatical equivalents herein is meant at least two 
nucleotides covalently linked together. A nucleic acid of the present invention will generally 
contain phosphodiester bonds, although in some cases, nucleic acid analogs are included that 
may have alternate backbones, comprising, for example, phosphoramide (Beaucage, S.L. et 
al., Tetrahedron 49: 1925-63 (1993), and references therein; Letsinger, R.L. et aL, J. Org, 
Chem. 35: 3800-03 (1970); Sprinzl, M. et al., Eur. J. Biochem. 81: 579-89 (1977); Letsinger, 
R.L. et al., Nucleic Acids Res. 14:3487-99 (1986); Sawai et al, Chem. Lett. 805 (1984); 
Letsinger, R.L. et al., J. Am. Chem. Soc. 110: 4470 (1988); and Pauwels et al., Chemica 
Scripta 26:141-49 (1986)), phosphorothioate (Mag, M. et al., Nucleic Acids Res. 19:1437-41 
(1991); and U.S. Pat. No. 5,644,048), phosphorodithioate (Briu et al., J. Am. Chem. Soc. 
1 1 1 :2321 (1989)), O-methylphophoroamidite linkages (see Eckstein, Oligonucleotides and 
Analogues: A Practical Approach, Oxford University Press, 1991), and peptide nucleic acid 
backbones and linkages (Egholm, M., Am. Chem. Soc. 1 14:1895-97 (1992); Meier et al., 
Chem. Int. Ed. Engl. 31:1008 (1992); Egholm, M., Nature 365: 566-68 (1993); Carlsson, C. 
et al., Nature 380: 207 (1996), all of which are incorporated by reference). Other analog 
nucleic acids include those with positive backbones (Dempcy, R.O. et al., Proc. Natl. Acad. 
Sci. USA 92:6097-101 (1995)); non-ionic backbones (U.S. Pat. Nos. 5,386,023; 5,637,684; 
5,602,240; 5,216,141 ; and 4,469,863; Kiedrowshi et al, Angew. Chem. Intl. Ed. English 
30:423 (1991); Letsinger, R.L. et al., J. Am. Chem. Soc. 110: 4470 (1988); Letsinger, R.L. et 
al., Nucleoside & Nucleotide 13: 1597 (1994); Chapters 2 and 3, ASC Symposium Series 
580, "Carbohydrate Modifications in Antisense Research", Ed. Y.S. Sanghui and P. Dan 
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Cook; Mesmaeker et al., Bioorganic & Medicinal Chem. Lett. 4: 395 (1994); Jeffs et al., J. 
Biomolecular NMR 34:17 (1994)) and non-ribose backbones, including those described in 
U.S. Patent No. 5,235,033 and 5,034,506, and Chapters 6 and 7, ASC Symposium Series 580, 
"Carbohydrate Modifications in Antisense Research", Ed. Y.S. Sanghui and P. Dan Cook. 
Nucleic acids containing one or more carbocyclic sugars are also included within the 
definition of nucleic acids (see Jenkins et al., Chem. Soc. Rev. 169-176 (1995)); all references 
are hereby expressly incorporated by reference. 

[0032] Telomeric nucleic acids, or a target nucleic acid, may be any length, with the 
understanding that longer sequences are more specific. In some embodiments, it may be 
desirable to fragment or cleave the sample nucleic acid into fragments of 100-10,000 base 
pairs, with fragments of roughly 500 basepairs being preferred in some embodiments. 
Fragmentation or cleavage may be done in any number of ways well known to those skilled 
in the art, including mechanical, chemical, and enzymatic methods. Thus, the nucleic acids 
may be subjected to sonication, French press, shearing, or treated with nucleases (e.g., 
DNase, restriction enzymes, RNase etc.), or chemical cleavage agents (e.g., acid/piperidine, 
hydrazine/piperidine, iron-EDTA complexes, 1 , 1 0-phenanthroline-copper complexes, etc.). 

[0033] The samples containing telomere and target nuclei acids may be prepared using well- 
known techniques. For instance, the sample may be treated using detergents, sonication, 
electroporation, denaturants, etc., to disrupt the cells. The target nucleic acids may be 
purified as needed. Components of the reaction may be added simultaneously, or 
sequentially, in any order as outlined below. In addition, a variety of agents may be added to 
the reaction to facilitate optimal hybridization, amplification, and detection. These include 
salts, buffers, neutral proteins, detergents, etc. Other agents may be added to improve 
efficiency of the reaction, such as protease inhibitors, nuclease inhibitors, ant i -microbial 
agents, etc., depending on the sample preparation methods and purity of the target nucleic 
acid. When the telomere nucleic acid is in the form of RNA, these nucleic acids may be 
converted to DNA, for example by treatment with reverse transcriptase (e.g., MoMuLV 
reverse transcriptase, Tth reverse transcriptase, etc.), as is well known in the art. 

[0034] Numerous methods are available for determining telomere length. In one 
embodiment, telomere length is determined by measuring the mean length of a terminal 
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restriction fragment (TRF). The TRF is defined as the length - in general the average length- 
of fragments resulting from complete digestion of genomic DNA with a restriction enzyme 
that does not cleave the nucleic acid within the telomeric sequence. Typically, the DNA is 
digested with restriction enzymes that cleaves frequently within genomic DNA but does not 
cleave within telomere sequences. Typically, the restriction enzymes have a four base 
recognition sequence (e.g., Alul, Hinfl, Rsal, and Sau3Al) and are used either alone or in 
combination. The resulting terminal restriction fragment contains both telomeric repeats and 
subtelomeric DNA. As used herein, subtelomeric DNA are DNA sequences adjacent to 
tandem repeats of telomeric sequences and contain telomere repeat sequences interspersed 
with variable telomeric-like sequences. The digested DNA is separated by electrophoresis 
and blotted onto a support, such as a membrane. The fragments containing telomere 
sequences are detected by hybridizing a probe, i.e., labeled repeat sequences, to the 
membrane. Upon visualization of the telomere containing fragments, the mean lengths of 
terminal restriction fragments can be calculated (Harley, C.B. et al., Nature. 345(6274):458- 
60 (1 990), hereby incorporated by reference). TRF estimation by Southern blotting gives a 
distribution of telomere length in the cells or tissue, and thus the mean telomere length of all 
cells. 

[0035] For the various methods described herein, a variety of hybridization conditions may 
be used, including high, moderate, and low stringency conditions (see, e.g., Sambrook, J. 
Molecular Cloning: A Laboratory Manual 3rd Ed., Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY (2001); Ausubel, F.M. et al., Current Protocols in Molecular 
Biology, John Wiley & Sons (updates to 2002); hereby incorporated by reference). 
Stringency conditions are sequence-dependent and will be different in different 
circumstances, including the length of probe or primer, number of mismatches, G/C content, 
and ionic strength. A guide to hybridization of nucleic acids is provided in Tijssen, P. 
"Overview of Princples of Hybridization and the Strategy of Nucleic Acid Assays," in 
Laboratory Techniques in Biochemistry and Molecular Biology: Hybridization with Nucleic 
Acid Probes, Vol 24, Elsevier Publishers, Amsterdam (1993). Generally, stringent conditions 
are selected to be about 5-1 0°C lower than the thermal melting point {i.e., T m ) for a specific 
hybrid at a defined temperature under a defined solution condition at which 50% of the probe 
or primer is hybridized to the target nucleic acid at equilibrium. Since the degree of 
stringency is generally determined by the difference in the hybridization temperature and the 
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T m , a particular degree of stringency may be maintained despite changes in solution condition 
of hybridization as long as the difference in temperature from T m is maintained. The 
hybridization conditions may also vary with the type of nucleic acid backbone, for example 
ribonucleic acid or peptide nucleic acid backbone. 

[0036] In another embodiment, telomere length is measured by quantitative fluorescent in 
situ hybridization (Q-FISH). In this method, cells are fixed and hybridized with a probe 
conjugated to a fluorescent label, for example, Cy-3, fluoresceine, rhodamine, etc. Probes for 
this method are oligonucleotides designed to hybridize specifically to telomere sequences. 
Generally, the probes are 8 or more nucleotides in length, preferably 12-20 more nucleotides 
in length. In one aspect, the probes are oligonucleotides comprising naturally occurring 
nucleotides. In a preferred embodiment, the probe is a peptide nucleic acid, which has a 
higher T m than analogous natural sequences, and thus permits use of more stringent 
hybridization conditions. Generally, cells are treated with an agent, such as colcemid, to 
induce cell cycle arrest at metaphase provide metaphase chromosomes for hybridization and 
analysis. Digital images of intact metaphase chromosomes are acquired and the fluorescence 
intensity of probes hybridized to telomeres quantitated. This permits measurment of telomere 
length of individual chromosomes, in addition to average telomere length in a cell, and avoids 
problems associated with the presence of subtelomeric DNA (Zjilmans, J.M. et al., Proc. 
Natl. Acad ScL USA 94:7423-7428(1997); Blasco, M.A. et al., Cell 91 :25-34 (1997); 
incorporated by reference). 

[0037] In another embodiment, telomere lengths are measured by flow cytometry (Hultdin, 
M. et al., Nucleic Acids Res. 26: 3651-3656 (1998); Rufer, N. et al., Nat. BiotechnoL 16:743- 
747 (1998); incorporated herein by reference). Flow cytometry methods are variations of 
FISH techniques. If the starting material is tissue, a cell suspension is made, generally by 
mechanical separation and/or treatment with proteases. Cells are fixed with a fixative and 
hybridized with a telomere sequence specific probe, preferably a PNA probe, labeled with a 
fluorescent label. Following hybridization, cell are washed and then analyzed by FACS. 
Fluorescence signal is measured for cells in Go/G| following appropriate subtraction for 
background fluorescence. This technique is suitable for rapid estimation of telomere length 
for large numbers of samples. Similar to TRF, telemere length is the average length of 
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telomeres within the cell. 



[0038] In a preferred embodiment, telomere lengths are determined by assessing the average 
telomere length using polymerase chain reaction (PCR). Procedures for PCR are widely used 
and well known (see for example, U.S. Patent No. 4,683,195 and 4,683,202). In brief, a 
target nucleic acid is incubated in the presence of primers, which hybridizes to the target 
nucleic acid. When the target nucleic acid is double stranded, they are first denatured to 
generate a first single strand and a second single strand so as to allow hybridization of the 
primers. Any number of denaturation techniques may be used, such as temperature, although 
pH changes, denaturants, and other techniques may be applied as appropriate to the nature of 
the double stranded nucleic acid. A DNA polymerase is used to extend the hybridized 
primer, thus generating a new copy of the target nucleic acid. The synthesized duplex is 
denatured and the hybridization and extension steps repeated. Carrying out the amplification 
in the presence of a single primer results in amplification of the target nucleic acid in a linear 
manner. For the purposes of the present invention, linear amplification using a single primer 
is encompassed within the meaning of PCR. By reiterating the steps of denaturation, 
annealing, and extension in the presence of a second primer that hybridizes to the 
complementary target strand, the target nucleic acid encompassed by the two primers is 
amplified exponentially. 

[0039] By "primer", "primer nucleic acid", "oligonucleotide primer", "oligonucleotide 
probe" or grammatical equivalents as used herein is meant a nucleic acid that will hybridize 
to some portion of the target nucleic acid. The primers or probes of the present invention are 
designed to be substantially complementary to a target sequence such that hybridization of 
the target sequence and the primers of the present invention occurs, and proper 3' base 
pairing allows primer extension to take place. Such complementarity need not be perfect. 
Thus, by "complementary" or "substantially complementary" herein is meant that the probes 
are sufficiently complementary to the target sequences to hybridize under normal reaction 
conditions. Deviations from perfect complementary are permissible so long as deviations are 
not sufficient to completely preclude hybridization. However, if the number of alterations or 
mutations is sufficient such that no hybridization can occur under the least stringent of 
hybridization conditions, as defined below, the sequence is not a complementary target 
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sequence. 

[0040] Although primers are generally single stranded, the nucleic acids as described herein 
may be single stranded or double stranded, as specified, or contain portions of both double 
stranded or single stranded sequence. The nucleic acid may be DNA, RNA, or hybrid, where 
the nucleic acid contains any combination of deoxyribo- and ribonucleotides, and any 
combination of bases, including uracil, adenine, thymine, cytosine, guanine, xanthine 
hypoxanthine, isocytosine, isoguanine, inosine, etc., although generally occurring bases are 
preferred. As used herein, the term "nucleoside" includes nucleotides as well as nucleoside 
and nucleotide analogs, and modified nucleosides such as amino modified nucleosides. In 
addition, "nucleoside" includes non-naturally occurring analog structures. Thus, for example, 
the individual units of a peptide nucleic acid, each containing a base, are referred herein as a 
nucleotide. 

[0041] The size of the primer nucleic acid may vary, as will be appreciated by those in the 
art, in general varying from 5 to 500 nucleotides in length, with primers of between 10 and 
100 being preferred, between 12 and 75 being particularly preferred, and from 15 to 50 being 
especially preferred, depending on the use, required specificity, and the amplification 
technique. 

[0042] For any primer pair, the ability of the primers to hybridize to each other may be 
examined by aligning the sequence of the first primer to the second primer. The stability of 
the hybrids, especially the thermal melting temperature (T m ), may be determined by the 
methods described below and by methods well known in the art. These include, but are not 
limited to, nearest-neighbor thermodynamic calculations (Breslauer, T. et al., Proc. Natl. 
Acad. Sci. USA 83:8893-97 (1986); Wetmur, J.G., Crit. Rev. Biochem. Mol. Biol 26:227-59 
(1991); Rychlik, W. et al., J. NIH Res. 6:78 (1994)), Wallace Rule estimations (Suggs, S.V. 
et al "Use of Synthetic oligodeoxribonucleotides for the isolation of specific cloned DNA 
sequences," Developmental biology using purified genes, D.B. Brown, ed., pp 683-693, 
Academic Press, New York (1981), and T m estimations based on Bolton and McCarthy (see 
Baldino, F.j. et al., Methods Enzymol 168: 761-77 (1989); Sambrook, J. et al., Molecular 
Cloning: A Laboratory Manual, Chapter 10, Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, NY, (2001)). All references are hereby expressly incorporated by reference. 



14 



ll .1 

The effect of various parameters, including, but not limited to, ionic strength, probe length, 
G/C content, and mismatches are taken into consideration when assessing hybrid stability. 
Consideration of these factors are well known to those skilled in the art (see, e.g., Sambrook, 
J., supra). 

[0043] In a preferred embodiment, the primers of the present invention are designed to have 
similar T m s. As used herein, primers with similar T m s have a T m difference of about 10°C or 
less, preferably 5°C or less, and more preferably 2°C or less. Use of primer sets {e.g., primer 
pairs) with similar or identical T m s allow use of an annealing/extension temperature optimal 
for both primers and provides similar amplification efficiency at a particular amplification 
condition. Advantages are the ability to use similar concentrations of primers, particularly at 
lower concentrations, which limits generation of unwanted amplification products. By 
comparison, when T m s of the primers are dissimilar, one primer is used at a higher 
concentration to compensate for differences in amplification efficiency. This higher primer 
concentration results in undesirable amplification products at a lower number of PCR cycles. 

[0044] In one aspect, primers with similar T m s are made by altering the length of primers or 
by selecting primers having similar guanosine-cytosine (GC) content. T m s are assessed by the 
methods described above. As used herein, a "similar GC content" is meant a primer set 
which has a GC content difference of about 10% or less, more preferably a difference of 
about 5% or less, and most preferably a difference of about 2% or less, such that the primers 
display similar T m s, as given above. In the primer design process, T m and/or GC content are 
initially assessed for the region that hybridizes to the target nucleic acid. For primers with a 
non-hybridizing 5 5 terminal region described above, additional analysis of the T m and GC 
content is conducted for the entire primer sequence. Generally, primers are designed to have 
higher similarities of GC content at the 3' terminal region since it is this region that is 
extended by the polymerase. 

[0045] The primers of the present invention may be used to amplify various target nucleic 
acids. A single primer set, for example a primer pair, may be used to amplify a single target 
nucleic acid. In another embodiment, multiple primer sets may be used to amplify a plurality 
of target nucleic acids. Amplifications may be conducted separately for each unique primer 
set, or in a single reaction vessel using combinations of primer sets, generally known in the 
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art as multiplexing. When multiple primer sets are used in a single reaction, primers are 
designed to limit formation of undesirable products and limit interference between primers of 
each primer set. 

[0046] In one embodiment of a PCR based technique for measuring telomere length, the 
method involves digesting genomic DNA with a restriction enzyme to generate a DNA 
fragment containing the subtelomeric and telomeric region. An oligonucleotide in the form 
of a linker is covalently attached to the telomere end of the DNA fragment. Hybridization of 
a primer complementary to the linker followed by primer extension with a polymerase results 
in an extension product encompassing the subtelomeric and telomeric region. Use of a 
second primer specific to the subtelomeric region allows for amplification of a product 
defined by the region between the two primers (see, e.g., U.S. Patent No.: 5,834,193; 
incorporated by reference). In one aspect, the genomic DNA is treated with a single stranded 
specific nuclease to generate blunt ends, which allows efficient ligation of a double stranded 
linker onto the end of the telomere region. Subsequent amplification will provide a 
representative measure of telomere length even though treatment with nuclease will remove 
the 3' single stranded region present at the end of the telomere. 

[0047] In a variation on the primer extension method, an oligonucleotide primer specific to 
the subtelomeric region is used to prime copying of the telomeric and the subtelomeric region 
without attaching a linker to the telomere end. Repeated rounds of hybridization, extension 
and denaturation results in linear amplification of the subtelomeric/telomeric region. The 
amplified product may be detected by using labeled primers in the amplification reaction or 
by hybridizing a labeled probe to the amplified product. 

[0048] Another method for determining telomere length by PCR involves use of telomere 
specific primers designed to amplify the tandem repetitive telomere sequences (Cawthon, 
R.M. Nucleic Acids Res. 30: e47 (2002); WO 03/064615; incorporated by reference). This 
method involves uses of primers substantially complementary to telomere repeats but which 
do not undergo self-priming when the primers hybridize to each other during the PCR 
reaction. Amplfication by this PCR technique results in direct amplification of telomere 
sequences, which when quantitated, provides a measure of the average telomere length. 
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[0049] As used herein, a "repetitive unit", "repeat unit", "repetitive element" is meant a 
minimal nucleotide sequence which is reiterated or repeated in the repetitive region, such as a 
telomere repeat sequence. In the present invention, the repetitive unit for amplification may 
comprise repetitive units of 1 or more nucleotides, more preferably repetitive units between 3 
and 100 nucleotides, and most preferably repetitive units between 4 and 30 nucleotides. In 
general, these repetitive units are arranged in tandem fashion, although there may be non- 
repetitive nucleotides present between the repetitive units. By a "plurality" of repetitive 
elements herein is meant at least two or more repetitive units in the repetitive region. The 
number of repetitive units amplified for each set of primers will depend on the length of the 
primer and the nucleotide length of the repetitive unit. As will be appreciated by those 
skilled in the art, primer sequences and primer lengths may be chosen based on stability and 
specificity of the primer for the repetitive units. 

[0050] Generally, the primers for direct amplification of telomere repeats comprises a first 
primer which hybridizes to a first single strand of the target nucleic acid and a second primer 
which hybridizes to a second single strand of the target nucleic acid, where the first and 
second strands are substantially complementary. The primers are capable of primer extension 
by polymerase when hybridized to their respective strands. That is, the primers hybridized to 
the target nucleic acid have their 3' terminal nucleotide residues complementary to the 
nucleotide residue on the target nucleic acid such that the primers are extendable by 
polymerase. The selected primers are complementary to repetitive units of the repetitive 
region. In one aspect, at least one nucleotide residue of at least one of the primers is altered 
to produce mismatches with a nucleotide residue of at least one repetitive unit to which the 
primer hybridizes, wherein the altered nucleotide residue also produces a mismatch with the 
3 5 terminal nucleotide residue of the other primer when the primers hybridize to each other. 
The inclusion of a mismatch prevents or limits primer extension of primer-primer hybrids. 

[0051] In one preferred embodiment, at least one nucleotide residue of the first primer is 
altered to produce a mismatch between the altered residue and a nucleotide residue of at least 
one repetitive unit of the first strand to which the primer hybridizes, wherein the altered 
nucleotide residue also produces a mismatch with the 3 5 terminal nucleotide residue of the 
second primer when the first and second primers hybridize to each other. 
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[0052] The altered nucleotide residue is preferably at least 1 nucleotide residue, more 
preferably at least 2 nucleotide residues, and most preferably at least 3 nucleotide residues 
from the 3' terminal nucleotide to allow efficient extension by polymerase when the altered 
primer hybridizes to target nucleic acids. 

[0053] In another aspect, both primers used for directly amplifying repetitive units comprise 
at least one altered nucleotide residue such that hybridization of primers to each other 
generates mismatches between the altered residues and the 3 5 terminal residues of both 
primers. Thus, in a preferred embodiment, in addition to the altered nucleotide residue on the 
first primer described above, at least one nucleotide residue of the second primer is altered to 
produce a mismatch between the altered residue and a nucleotide residue of at least one 
repetitive unit of the second strand to which the second primer hybridizes, wherein the altered 
residue on the second primer also produces a mismatch with the 3 5 terminal nucleotide of the 
first primer when the primers hybridize to each other. 

[0054] In yet another embodiment for amplifying repetitive units of a repetitive region, the 
present invention comprises a first primer which hybridizes to more than one repetitive unit 
on a first single strand of a target nucleic acid, and a second primer which hybridizes to more 
than one repetitive unit on a second single strand of the target nucleic acid, where the first 
and second strands are substantially complementary. The primers are capable of primer 
extension when hybridized to their respective strands of the target nucleic acid, as described 
above. In one aspect, nucleotide residues of at least one of the primers are altered to produce 
mismatches between the altered residues and the nucleotide residues at the identical 
nucleotide position of each repetitive unit of the single strand of the target nucleic acid to 
which the primer hybridizes. These altered nucleotide residues also produce mismatches 
with the 3' terminal nucleotide residue of the other primer when the primers hybridize to each 
other, thus further limiting primer-extension of primer-primer hybrids. 

[0055] Accordingly, in one preferred embodiment, nucleotide residues of the first primer are 
altered to produce mismatches between the altered residues and nucleotide residues at the 
identical nucleotide position of each repetitive unit of the first strand of the target nucleic acid 
to which the primer hybridizes. These altered nucleotides also produce mismatches with the 
3 5 terminal nucleotide residue of the second primer when first second primer hybridizes to 
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each other. 

[0056] The altered nucleotide residues are preferably at least 1 nucleotide residue, more 
preferably at least 2 nucleotide residues, and most preferably at least 3 nucleotide residues 
from the 3' terminal nucleotide to allow efficient extension by polymerase when the altered 
primer hybridizes to target nucleic acids. 

[0057] In another aspect, both primers comprise altered nucleotide residues such that 
hybridization of primers to each other results in mismatches of the 3' terminal nucleotide of 
both primers. Thus, in a preferred embodiment, in addition to the altered nucleotide residues 
on the first primer, nucleotide residues on the second primer are altered to produce 
mismatches between the altered residues of the second primer and nucleotide residues at the 
identical nucleotide position of each repetitive unit of the second strand to which the primer 
hybridizes. These altered nucleotides of the second primer also produce mismatches with the 
3' terminal nucleotide residue of the first primer when the primers hybridize to each other. 

[0058] Since primers hybridized to target nucleic acids must be capable of primer extension, 
alterations of the first and second primers must be on non-complementary nucleotides of the 
repetitive unit. Thus, in one aspect, when both the first and second primers comprise altered 
residues, the alterations are at adjacent nucleotide positions of the repetitive unit. In another 
aspect, the alterations are situated on non-adjacent nucleotide positions of the repetitive unit. 
In general, mismatches at adjacent nucleotide positions provide for the most number of base 
paired or complementary residues between the altered nucleotide and the 3' terminal 
nucleotide, which may be important for efficiently amplifying short repetitive sequences (i.e., 
3-6 basepairs). 

[0059] In another embodiment, the first and second primers further comprise a 5' terminal 
region that does not hybridize (i.e., basepair) with the target nucleic acid. The unpaired 
region comprises one or more nucleotides, with a preferred range of 3 to 60 nucleotides, and 
a most preferred range of 4 to 30 nucleotides. When the primers are directed towards 
amplification of repetitive units of a repetitive region, the 5' unpaired region blocks the 3' 
ends of the replicated primer extension products from initiating nucleic acid synthesis from 
the internal repetitive units of the amplification products during subsequent amplification 
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cycles. 

[0060] Although the 5' -terminal unpaired region may be of any sequence which does not 
hybridize to the target nucleic acid, in a preferred embodiment, the unpaired region comprises 
restriction sites, unique sequences for purposes of sequencing or primer extension reactions 
(i.e., amplification), or tag sequences for detecting and measuring the amplified product. 

[0061] As discussed above, in a preferred embodiment, the primers of the present invention 
are designed to have similar T m s to limit generation of undesirable amplification products and 
to permit amplification and detection of several target nucleic acids in a single reaction 
volume. In addition, since the telomeres of various organisms have differing repetitive unit 
sequences, amplifying telomeres of a specific organism will employ primers specific to the 
repetitive unit of each different organism. Human telomeric sequences are used herein to 
illustrate practice of the present invention for direct amplification and quantitation of 
tandemly repeated nucleic acid sequences, but is not limited to the disclosed specific 
embodiment. 

[0062] Amplification reactions are carried out according to procedures well known in the art, 
as discussed above (see, e.g., U.S. Patent No. 4,683,195 and 4,683,202). The time and 
temperature of the primer extension step will depend on the polymerase, length of target 
nucleic acid being amplified, and primer sequence employed for the amplification. The 
number of reiterative steps required to sufficiently amplify the target nucleic acid will depend 
on the efficiency of amplification for each cycle and the starting copy number of the target 
nucleic acid. As is well known in the art, these parameters can be adjusted by the skilled 
artisan to effectuate a desired level of amplification. Those skilled in the art will understand 
that the present invention is not limited by variations in times, temperatures, buffer 
conditions, and the amplification cycles applied in the amplification process. 

[0063] In hybridizing the primers to the target nucleic acids and in the amplification 
reactions, the assays are generally done under stringency conditions that allow formation of 
the hybrids in the presence of target nucleic acid. Those skilled in the art can alter the 
parameters of temperature, salt concentration, pH, organic solvent, chaotropic agents, or other 
variables to control the stringency of hybridization and also minimize hybridization of 
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primers to non-specific targets (i.e., by use of "hot start" PCR or "touchdown" PCR). 

[0064] Following contacting the primers to the target nucleic acids, the reaction is treated 
with an amplification enzyme, generally a polymerase. A variety of suitable polymerases are 
well known in the art, including Taq polymerase, KlenTaq, Tfl polymerase, DynaZyme etc. 
Generally, although all polymerases are applicable to the present invention, preferred 
polymerases are thermostable polymerases lacking 3 5 to 5' exonuclease activity since use of 
polymerases with strong 3 5 to 5' exonuclease activity tends to remove the mismatched 3' 
terminal nucleotides. Also useful are polymerases engineered to have reduced or non- 
functional 3' to 5 ? exonuclease activities (e.g., Pfu(exo-), Vent(exo-), Pyra(exo-), etc.). Also 
applicable are mixtures of polymerases used to optimally extend hybridized primers. In 
another aspect, polymerase enzymes useful for the present invention are formulated to 
become active only at temperatures suitable for amplification. Presence of polymerase 
inhibiting antibodies, which become inactivated at amplification temperatures, or 
sequestering the enzymes in a form rendering it unavailable until amplification temperatures 
are reached, are all suitable. These polymerase formulations allow mixing all components 
while preventing priming of non-target nucleic acid sequences. 

[0065] In another aspect, those skilled in the art will appreciate that various agents may be 
added to the reaction to increase processivity of the polymerase, stabilize the polymerase 
from inactivation, decrease non-specific hybridization of the primers, or increase efficiency 
of replication. Such additives include, but are not limited to, dimethyl sulfoxide, formamide, 
acetamide, glycerol, polyethylene glycol, or proteinacious agents such as E. coli. single 
stranded DNA binding protein, T4 gene 32 protein, bovine serum albumin, gelatin etc. In 
another aspect, the person skilled in the art can use various nucleotide analogs for 
amplification of particular types of sequences, for example GC rich or repeating sequences. 
These analogs include c 7 -dGTP, hydroxymethyl-dUTP, dITP, 7-deaza-dGTP etc. 

[0066] The products of the amplification are detected and analyzed by methods well known 
to those skilled in the art. Amplified products may be analyzed following separation and/or 
purification of the products, or by direct measurement of product formed in the amplification 
reaction. Separation and purification methods include, among others, electrophoresis (i.e., 
agarose or acrylamide gels), chromatography (i.e., affinity, molecular sieve, reverse phase 
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etc.) and hybridization. The purified products may be subjected to further amplifications as is 
well known in the art. For detection, the product may be identified indirectly with 
fluorescent compounds, for example with ethidium bromide or SYBR™Green or by 
hybridization with labeled nucleic acid probes. Alternatively, labeled primers or labeled 
nucleotides are used in the amplification reaction to label the amplification product. The 
label comprises any detectable moiety, including fluorescent labels, radioactive labels, 
electronic labels, and indirect labels such as biotin or digoxigenin. When indirect labels are 
used, a secondary binding agent that binds the indirect label is used to detect the presence of 
the amplification product. These secondary binding agents may comprise antibodies, 
haptens, or other binding partners (e.g., avidin) that bind to the indirect labels. Secondary 
binding agents are preferably labeled with fluorescent moieties, radioactive moieties, 
enzymes etc. 

[0067] In one embodiment, the amplification product may be detected and quantitated during 
the amplification reaction by real time quantitative PCR, variations of which are well known 
in the art. For instance, the TaqMan system uses a probe primer which hybridizes to 
sequences in an internal sequence within the nucleic acid segment encompassed by the 
primers used to amplify the target nucleic acid (Heid, C.A. et al., Genome Res. 6:986-94 
(1996); Holland, P.M. et al., Proc. Natl. Acad. Sci. USA 88: 7276-80 (1991)). This probe is 
labeled with two different fluorescent dyes (i.e., dual-labeled flurogenic oligonucleotide 
probe), the 5' terminus reporter dye (TAMRA) and the 3 5 terminus fluorescence quenching 
dye (FAM). Cleavage of the probe by the 5' to 3' exonuclease activity of DNA polymerase 
during the extension phase of PCR releases the flurogenic molecule from proximity of the 
quencher, thus resulting in increased fluorescence intensity. 

[0068] In another aspect, real time quantitative PCR may be based on fluorescence resonance 
energy transfer (FRET) between hybridization probes (Wittwer, C.T., Biotechniques 22:130- 
138 (1997)). In this method, two oligonucleotide probes hybridize to adjacent regions of the 
target nucleic acid sequence. The upstream probe is labeled at the 3' terminus with an excitor 
dye (i.e., FITC) while the adjacently hybridizing downstream probe is labeled at the 5' 
terminus with a reporter dye. Hybridization of the two probes to the amplified target nucleic 
acid sequences positions the two dyes in close spatial proximity sufficient for FRET to occur. 
This allows monitoring the quantity of amplified product during the polymerase chain 
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reaction. A similar approach is used in the molecular beacon probes (Tyagi, S., Nat. 
BiotechnoL 16: 49-53 (1998)). Molecular beacons are oligonucleotide probes comprising a 
quencher dye and a reporter dye at the opposite ends of the PCR product specific 
oligonucleotide. The dyes may also function based on FRET, and therefore may also be 
comprised of an excitation dye and a reporter dye. Short complementary segments at the 5' 
and 3' terminal regions allow for formation of a stem-loop structure, which positions the dyes 
at the terminal ends of the oligonucleotide into close proximity, thus resulting in fluorescence 
quenching or FRET. When the oligonucleotide hybridizes to a PCR product through 
complementary sequences in the internal region of the molecular beacon probe, fluorescence 
of the oligonucleotide probe is affected, thus allowing monitoring of product synthesis. 

[0069] In a preferred embodiment, real time quantitative PCR may use fluorescent dyes that 
preferentially bind to double stranded nucleic acid amplification products during the PCR 
reaction to permit continuous monitoring of product synthesis (see, e.g., Higuchi, R. et al., 
Biotechnology 11: 1026-30 (1993); T.B. et al., Biotechniques 24: 954-62 (1998)). Suitable 
fluorescent dyes include, among others, ethidium bromide, YO PRO-1™ (Ishiguro, T., Anal. 
Biochem. 229: 207-13 (1995)), and SYBR™ Green dyes (Molecular Probes, Eugene, OR, 
USA). When amplifying target nucleic acids comprising repetitive regions, FRET or 
molecular beacon based probes are not preferred if FRET or molecular beacon probes are 
directed to repetitive units since they will hybridize to repetitive sequences on the primers, 
thereby failing to distinguish between primers and amplified product. 

[0070] In a further preferred embodiment, real time quantitative PCR is accomplished with 
primers containing a single flurophore attached near the 3' terminal nucleotide (Nazarenko, I. 
et al., Nucleic Acids Res. 30: e37 (2002); Nazarenko, I. et al., Nucleic Acids Res, 30: 2089- 
2195 (2002); LUX™ Fluorogenic Primers, Invitrogen, Palo Alto, CA; hereby incorporated by 
reference). The 5' end of these primers have a 5 to7 nucleotide extension capable of 
hybridizing to the 3' terminal region to generate a blunt-ended hairpin (i.e., stem-loop) 
structure, whose formation results in fluorescence quenching of the fluorophore. When the 
primer forms a duplex, for example by primer extension on a template, the quenching is 
reduced or eliminated, thus providing a measure of PCR product in the sample. Because only 
a single flurophore is used, different flurophores may be used and detected in a single 
reaction. Consequently, these primers are useful for amplification and detection of a plurality 
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of different target nucleic acids in a single reaction vessel by use of different primer sets with 
distinguishable flurophores. As discussed herein, various target nucleic acids include 
combinations of single copy genes and repetitive sequences, as further described herein. 

[0071] Instrumentation suitable for real time monitoring of PCR reactions is available for use 
in quantitative PCR methods (ABI Prism 7700, Applied Biosystems Division, Perkin Elmer, 
Fosters City, CA, USA; LightCycler™, Roche Molecular Biochemicals, Indianapolis, IN, 
USA). Other real time PCR detection systems are known to those of ordinary skill in the art. 

[0072] When real time quantitative PCR is used to detect and measure the amplification 
products, various algorithms are used to calculate the number of target nucleic acids in the 
samples (see, e.g., ABI Prism 7700 Software Version 1.7; Lightcycler™ Software Version 
3). Quantitation may involve use of standard samples with known copy number of the target 
nucleic acid,and generation of standard curves from the logarithms of the standards and the 
cycle of threshold (C t ). In general, C t is the PCR cycle or fractional PCR cycle where the 
fluorescence generated by the amplification product is several deviations above the baseline 
fluorescence (Higuchi, R. et al., supra). Real time quantitative PCR provides a linearity of 
about 7 to 8 orders of magnitude, which allows measurement of the copy number of target 
nucleic acids over a wide dynamic range. The absolute number of target nucleic acid copies 
can be derived from comparing the C t values of the standard curve and the samples. 

[0073] The copy number of telomere repeats or target nucleic acid may also be determined 
by comparative quantitative real time PCR. Use of nucleic acids of known copy number or 
consistent copy number allows quantitation of the copy number of target nucleic acids in a 
sample. The standard may be a single copy gene, a nucleic acid of known copy number, or 
when quantitating RNA copy number, a constitutively expressed housekeeping gene (see 
Johnson, M.R. Anal. Biochem. 278: 175-84 (2000); Boulay, J.-L., et al., Biotechniques 27: 
228-32 (1999)). 

[0074] The amplified products are quantitated as described above. In a preferred 
embodiment, real time quantitative PCR is used to determine the copy number of the 
telomere repetitive units in the target nucleic acid sample. Standards for determining and 
comparing telomere repetitive unit number include use of single copy genes {e.g., ribosomal 
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phosphoprotein 364B) or a target nucleic acid of known copy number (e.g., a plasmid with 
known number of telomere repetitive units). By the methods described herein, the copy 
number of repetitive units of a large number of samples may be quantitated for purposes of 
determining the number of telomere repetitive units, and thus the average length of telomeres. 

[0075] Following determination of telomere length for an individual or population, the 
measured values may correlated with mortality risk or disease occurrence for a population, 
and in particular, individuals within a population. A variety of statistical analysis may be 
used for this purpose, including, but not limited to, Cox proportional hazard regression 
analysis, Kaplan-Meier survival distribution estimate, Peto Wilcoxon test, maximum 
likelihood analysis, multiple regression analysis, and others. Such statistical methods, 
including various forms of survival analysis, are well known in the art and described in 
standard works on statistics (see, e.g., Cantor, A. B. SAS Survival Analysis Techniques for 
Medical Research, 2nd Ed., SAS Publishing, Cary, North Carolina (2003); Hosmer, D.W. et 
al., Applied Survival Analysis: Regression Modeling of Time to Event Data Wiley- 
Interscience, Hoboken, NJ (2002); Lee, E.T., Statistical Methods for Survival Data Analysis, 
2nd Ed., John Wiley & Sons, Hoboken, NJ (1992); and Schork, M.A. and Remington, R.D., 
Statistics with Applications to the Biological and Health Sciences, 3rd Ed., Prentice Hall, 
Upper Saddle River, NJ (2000). All publications are incorporated by reference in their 
entirety. 

[0076] In the present invention, the telomere length, or in some embodiments, rates of 
changes in telomere length, is correlated with mortality risk. Thus, the telomere length is a 
useful marker for predicting survival or mortality risk for different age groups. In a further 
embodiment, the measured telomere length is usedfor correlating occurrence of diseases, 
particularly age related diseases, including, but not limited to cardiovascular disease (e.g., 
hypertension, myocardial infarction, stroke, etc.), neoplastic diseases (e.g., cancers, 
carcinomas, malignant tumors, etc.), and susceptibility to infectious diseases. 

[0077] The correlations between telomere length and mortality risk or disease occurrence 
may be used for disease prognosis and therapeutic applications. In one preferred 
embodiment, the method is used to identify individuals or groups of individuals with 
telomeres lengths falling within the ranges of those populations with increased mortality risk, 
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advanced biological age, or increased risk for death from age related diseases. This may 
provide a basis for identifying individuals who may warrant additional medical screening or 
early medical intervention. 

[0078] For example, it is shown herein that there is a statistically significant increased 
mortality rate ratio for death from infectious disease for those in the bottom half for telomere 
length compared to those in the top half for telomere length. In addition, a statistically 
significant increase in mortality rate ratio for death from heart disease is observed for those in 
the bottom half vs. those in the top half for telomere length. Thus, in clinical practice, the 
telomere length assay results may help physicians in assessing each specific patient's risk of 
these diseases, and so may make a difference in the physician's treatment plan for the patient. 

[0079] In another application, the method may be used to identify environmental factors 
affecting or related to telomere shortening. Populations with heightened exposure to 
carcinogens, teratogens, radiation, or other environmental factors may be tested and 
examined for the existence of any statistically significant correlations between exposure, 
telomere length, and age related diseases. This may identify environmental risk factors 
which can be reduced or minimized to decrease adverse effect on the health of populations. 

[0080] In a further application, the methods of the present invention may be used to identify 
genes, genetic linkages, or other genetic factors contributing to telomere shortening and their 
relation to mortality and susceptibility to various age related disease. Studies of large 
populations can facilitate identification of such risk factors. 

[0081] The foregoing descriptions of specific embodiments of the present invention have 
been presented for purposes of illustration and description. They are not intended to be 
exhaustive or to limit the invention to the precise forms disclosed, and obviously many 
modifications and variations are possible in light of the above teachings. 

[0082] All publications and patent applications mentioned in this specification are herein 
incorporated by reference to the same extent as if each individual publication or patent 
application was specifically and individually indicated to be incorporated by reference. 
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EXAMPLES 

Example 1 

Determining Average Telomere Length 

[0083] Genomic DNA was extracted from blood samples by standard procedures. The 
samples used to compare quantitative PCR vs. Southern blot approaches to telomere 
measurement were donated by 21 unrelated individuals (1 1 women and 10 men, age range 61 
- 94 years) from Utah families that are part of the Centre pour les Etudes du Polymorphisme 
Humaine (CEPH) collection used worldwide for building the human genetic linkage map 
(White, R. et al. (1985) Nature 313: 101-105). Purified DNA samples were diluted in 96- 
well microtiter source plates to approximately 1 .75 ng/ul in 10 mM Tris-HCl, 0.1 mM 
EDTA, pH 7.5 (final volume 300 ul per well), heated to 95°C for 5 minutes in a thermal 
cycler, quick-chilled by transfer to an ice-water bath for 5 minutes, centrifuged briefly at 700 
x g, sealed with adhesive aluminum foil, and stored at 4°C until the time of assay. 

[0084] Real time quantitative PCR on the extracted DNA samples are performed on separate 
96 well plates. Two master mixes of PCR reagents were prepared, one with the telomere (T) 
primer pair, the other with the single copy gene (S) primer pair. Thirty microliters of T 
master mix was added to each sample well and standard curve well of the first plate, and 30 
microliters of S master mix was added to each sample well and standard curve well of the 
second plate. For each individual in whom the T/S ratio was assayed, three identical 20 ul 
aliquots of the DNA sample (35 ng per aliquot) were added to plate 1, and another three 
aliquots were added to the same well positions in plate 2. For each standard curve, one 
standard DNA sample was diluted serially in TE (10 mM Tris, 1 mM EDTA, pH 7.0) by 
~1 .68-fold per dilution to produce five concentrations of DNA ranging from 0.63 ng/ul up to 
5 ng/ul, which were then distributed in 20 ul aliquots to the standard curve wells on each 
plate. The plates were then sealed with a transparent adhesive cover, centrifuged briefly at 
700 x g, and stored at 4°C in the dark until the PCR was performed (0-3 days later). 

[0085] The final concentrations of reagents in PCR with tel 1 and tel 2 primers were 1 50 nM 
6-ROX and 0.2x SYBR™ Green I (Molecular Probes, Inc.); 15 mM Tris-HCl, pH 8.0; 50 
mM KC1; 2 mM MgCl 2 ; 0.2 mM of each dNTP; 5 mM DTT; 1% DMSO; and 1 .25 units of 
AmpliTaq Gold DNA polymerase (Applied Biosystems, Inc.). The thermal cycling profile 
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began with a 95°C incubation for 10 min. to activate the AmpliTaq Gold DNA polymerase. 
With tel 1 and tel 2 primers, there followed 1 8 cycles of 95°C x 1 5 s, 54°C x 2 min. 
Telomere primer concentrations were tel 1, 270 nM; tel 2, 900 nM. The primer sequences in 
5' to 3 5 direction were tel 1, GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT; 
(SEQ ID NO:l)and tel 2, TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA 
(SEQ ID NO:2). 

[0086] Alternatively, the primer used for amplifying the telomere repeat sequences were 
optimized to have similar T m s, particularly by designing the primers to have similar or 
identical GC content: tel lb, CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 
(SEQ ID NO:6); and tel 2b, GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 
(SEQ ID NO:7). Each of the T m optimized primers has perfect complementarity to telomere 
DNA sequences in the last five bases at the 3 9 end of the primer. As with tel 1 and tel 2 
primers, the optimized primers have a purposefully introduced single base substitution at the 
sixth base from the 3' end and at every sixth base thereafter in the 5' direction, for a total of 
five introduced base changes. This results in five single base mismatches when the primer is 
optimally hybridized to telomeric DNA. Hybridization of the optimized primers to each 
other results in base pairing at four out of the six positions in the repeat and where the 3' 
terminal base of each primer is mismatched relative to the other primer. 

[0087] For amplifications using tel lb and tel 2b, the amplifications conditions were 0.4x 
Sybr Green I, 1.5 mM MgCl 2 , 1% DMSO, 2.5 mM DTT, 200 micromolar each dNTP, 0.75 
Units of AmpliTaq Gold DNA polymerase, 450 nM of tel lb primer, and 450 nM of tel 2b 
primer, in a final volume of 30 microliters per reaction. The thermal cycling profile was 
95°C x 10 min. to activate the polymerase; followed by 18 cycles of 95°C for 15 sec. 
(denaturation) and 56°C for 2 min. (anneal / extend). No ROX dye is needed for this assay. 

[0088] For PCR with single copy gene 36B4 primers, reactions conditions were 1 50 nM 6- 
ROX and 0.2x SYBR™ Green I (Molecular Probes, Inc.); 15 mM Tris-HCl, pH 8.0; 50 mM 
KC1; 2 mM MgCl 2 ; 0.2 mM of each dNTP; 5 mM DTT; 1% DMSO; and 1 .25 units of 
AmpliTaq Gold DNA polymerase (Applied Biosystems, Inc.). The final 36B4 (single copy 
gene) primer concentrations were 36B4u, 300 nM and 36B4d, 500 nM. The thermal cycling 
profile began with a 95°C incubation for 10 min. to activate the AmpliTaq Gold DNA 
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polymerase. Subsequently, there followed 30 cycles of 95°C x 15 s, 58°C x 1 min. 
Alternatively, the amplification conditions were 0.4x Sybr Green I, 3.5 mM MgCl 2 > 1% 
DMSO, 2.5 mM DTT, 200 micromolar each dNTP, 0.75 Units of AmpliTaq Gold DNA 
polymerase, 300 nM of 36B4u primer, and 500 nM of 36B4d primer, in a final volume of 30 
microliters per reaction. The thermal cycling profile was 95°C x 10 min. to activate the 
polymerase; followed by 30 cycles of 95°C for 15 sec. (denaturation) and 56°C for 1 min. 
(anneal / extend). No ROX dye is needed for this assay. Sequences of the single copy gene 
primers are 36B4u, CAGCAAGTGGGAAGGTGTAATCC (SEQ ID NO:8); and 36B4d, 
CCCATTCTATCATCAACGGGTACAA (SEQ ID NO:9). (The 36B4 gene, which encodes 
acidic ribosomal phosphoprotein PO, is located on chromosome 12; see Boulay et al. (1999) 
Biotechniques 27: 228-32). 

[0089] All PCRs were performed on ABI Prism 7700 Sequence Detection System (Applied 
Biosytems, Inc., Foster City, CA, USA), a thermal cycler equipped to excite and read 
emissions from fluorescent molecules during each cycle of the PCR. ABI's SDS version 1 .7 
software was then used to generate the standard curve for each plate and to determine the 
dilution factors of standard corresponding to the T and S amounts in each sample. 

[0090] In the presence of 35 ng of human DNA, a telomere PCR product was detectable by 
real time quantitative PCR beginning from about 9 cycles of PCR. Analysis of the product 
after 25 cycles by electrophoresis on agarose gels and staining with ethidium bromide shows 
a smear of products beginning from about 76 base pairs, which is equivalent to the sum of the 
lengths of the telomere specific primers, to products of about 400 base pairs. The copy 
number of the PCR is proportional to the number of sites available for binding of the primer 
in the first cycle of the PCR. Omitting the genomic DNA results in no detectable 
amplification product after 25 cycles for either the telomere or single copy gene primers. 

[0091] Mean telomere restriction fragment (TRF) lengths were determined as described by 
Slagboom et al. (1994) Am. J. Hum. Genet 55: 876-82. Approximately 0.5 ug of purified 
whole blood DNA was digested to completion with Hae III restriction enzyme. Digested 
samples were then mixed with DNA size standards, separated by electrophoresis on agarose 
gels, and transferred to a nylon membrane. The membranes were hybridized with 32 P end 
labeled oligonucleotide, (TTAGGG)7 (SEQ ID NO: 10), washed to remove non-specifically 
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bound probe, exposed to a phosphor plate for 1 to 5 days, and scanned with a 
Phosphorlmager (Molecular Dynamics, Inc.). Blots were then stripped of the telomere probe, 
hybridized with radiolabeled probe for the DNA size standards, washed, exposed to a 
phosphor plate, and scanned. The size standard images and telomere smear images were then 
superimposed to locate the positions of the size intervals within the telomere smears. Mean 
TRF length was then calculated as mean TRF length = (S ODj ) / (S ODi / Li ), where OD; is 
total radioactivity above background in interval i, and Lj is the average length of i in 
basepairs. This entire procedure was performed twice; i.e., the two mean TRF length values 
determined on each individual were obtained from two independent experiments. 

[0092] To measure the T/S value (telomere to single copy gene ratio), the C t value - the 
fractional cycle number at which the amplification sample's accumulating fluorescence 
crosses a set threshold value that is several standard deviations above background 
fluorescence - was determined for samples amplified with telomere specific (T) primers and 
single copy gene specific (S) primers. Since the amount of PCR product approximately 
doubles in each cycle of the PCR, the T/S ratio is approximately [2 Ct ( le,omeres ) /2 Ct(single copy 
gene)j-i = 2 -ACt The average A q was _g 05 ( see Figure 2). That is, PCR of a single copy gene 
required about 9 more cycles than PCR of telomeres to produce equivalent fluorescent signal 
as measured by real time PCR. The standard deviation was 1 .48%. 

[0093] The relative T/S ratio, which is the T/S of one sample relative to the T/S of another 
sample, is expressed as 2~ (ACtl " ACt2) - 2 ~ AACt . This formula allows calculating the relative T/S 
ratio of each sample. DNA samples of 21 unrelated patients were amplified and quantitated 
by real time quantitative PCR (see Experiment 2). Comparison of the relative T/S ratio 
calculated from PCR correlated well with the mean TRF lengths determined by Southern 
hybridization (see Figure 3). The y intercept is about 3.6 kbp, which is approximately the 
mean length of the subtelomeric region between the restriction enzyme recognition sites and 
the beginning of the telomeric hexamer repeats (Hultdin, M. (1998) Nucleic Acids. Res. 26: 
3651-56). Moreover, the observed average telomere length in whole blood as measured by 
relative T/S ratio varies over a 2.5 range among unrelated age and sex -matched adults. This 
range of variability is in excellent agreement with other studies on the range of variation of 
TRF lengths in age matched adults if the average subtelomeric length of 3.4 kbp is subtracted 
from each reported mean TRF length (Hultdin, M. (1998) Nucleic Acids Res. 3651-56; 
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Vaziri, H. et al. (1993) Am. J. Hum. Genet. 52: 661-67). 



Example 2 

Telomere Length and Mortality in Humans 

[0094] The 143 research subjects were unrelated Utah residents aged 60 - 97 years, who 
donated blood from 1982-1986 to contribute to the CEPH (Centre d'Etude du Polymorphisme 
Humain) collection of cell lines used to build the human genetic linkage map (White R. et al 5 
Nature 313: 101-105 (1985)) and for whom follow-up survival data were available. Birth and 
death dates were obtained from the Utah Population Database (UPDB), and from the Social 
Security Death Index. There were 101 known deaths by mid-2002. For the remaining 42 
subjects, date at which they were last known to be alive was established post blood draw. 
The survival analysis by cause of death (from Utah death certificates coded to the 
International Classification of Diseases, 9th and 10th revisions) was restricted to the 124 
individuals with UPDB identification numbers. This study was approved by the University 
of Utah's Institutional Review Board. 

[0095] Relative TLs in total genomic DNA prepared directly from the original blood draws 
were measured by a quantitative polymerase chain reaction assay (Cawthon, R.M. Nucleic 
Acids Res. 30: e47 (2002)), which determines the relative ratio of telomere repeat copy 
number to single copy gene copy number (T/S ratio) in experimental samples as compared to 
a reference DNA sample. In another set of DNA samples T/S ratios were measured relative 
to the same reference DNA sample, and mean terminal restriction fragment (TRF) lengths 
were determined (Cawthon, supra). The slope of the plot of mean TRF length vs. T/S for 
these samples served as the conversion factor for calculating approximate telomere lengths in 
basepairs for each T/S ratio in this survival study. In these subjects aged 60 - 97 years, TL 
ranged from 1930 - 4310 bp. Each one year increase in age at blood draw was associated 
with a 0.0048 decrease in the relative T/S ratio (95% CI [0.00137 to 0.00823], P = 0.0074), 
corresponding to about 14 bp of telomere sequence lost per year. Women and men did not 
differ significantly in the rate of telomere shortening estimated from these cross-sectional 
data (P = 0.645). Women's telomeres were 3.5% longer than those of men after adjusting for 
age, but this difference was not statistically significant (P = 0.157). 
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[0096] Cox proportional hazard regression models (Ghali, W.A. et al. JAMA 286: 1494-1497 
(2001)) were used to test whether differences in telomere length (TL) among statistically age- 
matched individuals were associated with differences in survival. TL, when analyzed as a 
continuous variable, was inversely associated with the age-adjusted mortality rate (Cox 
proportional hazards regression coefficient = -1 .87, 95% CI [-335 to -0.392], P = 0.013). In 
all other analyses TL was treated as a dichotomous trait ("shorter" vs. "longer"), using all 
available samples in each comparison (i.e., bottom half of the TL distribution vs. top half, and 
bottom 25% vs. top 75%). Because older individuals tend to have shorter telomeres than 
younger individuals, the use of a single TL distribution for the entire sample would result in a 
higher proportion of older than younger subjects being scored as "shorter" for TL, and a 
higher proportion of younger than older subjects being scored as "longer" for TL. To achieve 
more balanced proportions of subjects with "shorter" vs. "longer" TLs at every age, the 
sample was stratified into six categories of age at draw (60-64 years, number of subjects: n = 
19; 65-69, n = 37; 70-74, n = 37;75-79, n - 29; 80-84, n = 12; and 85+, n = 9), and the TL 
distribution was determined independently within each category. Individuals in the bottom 
half for TL in each age group were pooled together, and their survival was compared to that 
of the pooled top half individuals. Similarly, individuals in the bottom quartile for TL in each 
age group were pooled, and their survival was compared to that of the pooled top 75% 
individuals. There was no significant difference in the mean age at draw between the 
compared groups (i.e., bottom vs. top half, bottom 25% vs. top 75%). Survival was assessed 
beginning with the time at blood draw, except as noted. Cox models were used to control for 
variation in mortality rate due to age differences, both between the age at blood draw 
categories, and within each age group. 

[0097] Individuals with shorter telomeres had a mortality rate nearly twice that of individuals 
with longer telomeres (Table 1). The loss in median survival associated with shorter 
telomeres (Fig. 1) was 4.8 years for women, and 4.0 years for men (averaged across all age- 
at-blood-draw categories). TL was a significant predictor of mortality when measured from 
ages 60 to 74 (P = 0.021), and a moderate predictor when measured from age 75 onward (P = 
0.086) (Table 1, Fig. 2). Excess mortality risks associated with short vs. long telomeres did 
not vary by sex (P = 0.878), age at blood draw (P = 0.946), or time since blood draw (P = 
0.851). The excess mortality rates of those in the bottom half of TL remained significant 



32 



even when only those subjects surviving at least 5 years after the blood draw were included in 
the analysis (P = 0.0063, n = 1 12). 

Table 1 



Mortality rate ratios associated with having short vs. long telomeres 

in whole blood DNA 





Mortality 


95% Confidence 


P 




rate ratio 


interval 


value 


All-cause mortality 










Both sexes combined (n = 143, d = 


1-86 


(1-22 


- 2-83) 


0004 


101) 






Women(n = 71,d = 46) 


216 


(107 


- 4-39) 


0033 


Men (n = 72, d = 55) 


1-94 


(101 


- 3-74) 


0047 


Age at draw < 75 (n = 93, d = 53) 


1-96 


(111 


- 3-48) 


0021 


Age at draw > 75 (n = 50, d = 48) 


1-73 


(0-93 


- 3-24) 


0086 


Cause-specific mortality 










Heart (n = 124, d = 30) 


318 


(1-36 


- 7-45) 


0008 


Cerebrovascular (n = 124, d = 15) 


1-35 


(0-36 


-5-13) 


0-660 


Cancer (n = 124, d= 12) 


1-43 


(0-34 


- 6 03) 


0-625 


Infectious (n = 124, d = 8) 


8-54 


(1-52 


- 47-9) 


0015 


Other known (n = 124, d = 16) 


2-15 


(0-71 


- 6-50) 


0-174 


All known causes except 


1-70 


(0-82 


-3-53) 


01 56 


heart + infectious (n = 124, d = 43) 







[0098] Each mortality rate ratio (MMR) presented here is the ratio of the death rate for 
subjects with shorter telomeres to the death rate for subjects with longer telomeres. In all five 
categories of all-cause mortality, and in the first category of cause-specific mortality (heart 
disease), the MMR reported above is for individuals from the bottom half of the telomere 
length (TL) distribution vs. those from the top half of the distribution. In the remaining five 
categories of cause-specific mortality, the MMR reported is for individuals from the bottom 
25% of the TL distribution vs. those from the top 75% of the distribution, n: total number of 
individuals in each analysis, d: for all-cause mortality, the number of deceased individuals in 
each analysis; for cause-specific mortality, the number of individuals in each analysis who 
died from the listed cause of death. 

[0099] The rate ratios for cause-specific mortality associated with having shorter vs. longer 
telomeres are also presented in Table 1 . Subjects from the bottom half of the TL distribution 
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had a heart disease mortality rate that was over three times that of subjects from the top half. 
This elevated risk of dying from heart disease remained significant even when the analysis 
was limited to subjects who survived at least five years after the blood draw (number of heart 
disease deaths = 21, mortality rate ratio 4.87, 95% CI [1.59 to 14.9], P = 0.006). Mortality 
rates for cerebrovascular disease and cancer were also higher in individuals with shorter 
telomeres, although not significantly higher. The mortality rate from infectious disease was 
eight times higher for individuals in the bottom 25% of the TL distribution than for 
individuals in the top 75%, a statistically significant difference. Among the infectious 
disease deaths, the shortest time between the blood draw and death was 1.5 years. The 
remaining 16 deaths due to known causes, other than those mentioned above, were treated as 
a single category of mortality; the risk of dying in this category was also higher in individuals 
with shorter telomeres, although not significantly higher. 
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